Zehnder (MZ) modulator is used in the transmitter part and a Sibased waveguide is used as a transmission path. Indium Gallium Arsenide (InGaAs) and Germanium (Ge) materials were applied to observe the performance of Avalanche Photodiode (APD) and P-I-N Photodiode (PIN). In order to evaluate the performance of OI link using external (indirect) modulation, the model of OI link was designed and simulated using OptiSPICE tools. Simulation results on the performance of MZ modulator, power degradation of OI link and receiver sensitivity are reported in this paper.
INTRODUCTION
Rapid advances in silicon nano-photonics have attracted researchers to explore feasibility of using optics for on-chip Optical Interconnects (OI) [1] . As the CMOS technology is going towards a scaling down trend, it will become increasingly difficult for conventional copper wire/electrical interconnect to satisfy the design requirements of electronic Integrated Circuits (ICs) especially in large chips [2] . On-chip OI has been considered as a potential solution to overcome the communication bottleneck by replacing electrical wires in Integrated Circuit(IC) technology with optical waveguides. OI systems have the advantages in terms of delay, loss and bandwidth compared to Electrical Interconnect (EI), as well as can lead to performance gain and energy savings.
The theory of OI in an electronic chips was introduced by Goodman in 1984 [3] . OIs have been widely used in the telecommunication field, and applied in board level interconnections. The main components of an OI system are shown in Fig. 1 . The block diagram contains off-chip laser, an optical modulator, a waveguide and a photodetector.
In this work, the off-chip laser is considered due to the absence of an efficient on-chip silicon-based laser where Vertical Cavity Surface Emitting Lasers (VCSELs) are currently the most attractive optical source for OIs [4] - [6] . Next, the transmitter contains an electro-optical modulator and a driver circuit. The modulator converts data from electrical to optical signal [7] . Works by [10] summarize developments and recent research for waveguide in silicon technology. Currently, it is possible to develop a waveguide using waveguide silicon process with a size down to less than 1μm [11] . The receiver is composed of a photodetector and an amplifier. Photodetector is a semiconductor device that converts optical signal into electrical current signal. The detector to be used in optical interconnects should provide high sensitivity, high bandwidth and easy coupling. There are many semiconductors that can fulfill these requirements for a photodetector such as P-I-N Photodiodes (PIN), Avalanche Photodiodes (APD), and Metal Semiconductor Photodiodes (MSM). Our previous work involves the development of silicon-based and InGaAs-based p-i-n photodiodes [12] - [14] . This paper will apply an external (indirect) modulation technique for OI link. The design of OI link was developed in OptiSPICE tools in order to investigate and analyze the performance of all components that are involved in the OI link. The theoretical calculations of receiver sensitivity are determined to facilitate the sensitivity of the photodiode in simulation.
II. METHODOLOGY
In general, there are two different common practices to encode/modulate the information with the optical carrier which are direct modulation and external (indirect) modulation [16] , [17] . Fig. 2 shows external modulation technique where the laser is at the ON state at all times using Continuous Wave (CW) laser and the light beam is modulated with the input signal through an optoelectronic shutter called modulator. The optical input to the MZ modulator is a CW laser source. The wavelength of the laser is set to 193.1THz. The CW source has two electrical ports for input driver and one optical output. The laser is driven with a DC voltage source with 5 volts. In order to monitor the signals, probes are located on the laser output and on the MZ modulator output.
In the receiver, photodiodes are frequently used as a photodetector. Typical photodiodes are PIN or APD photodiode. The material used to make a photodiode is critical for its properties, because only photons with sufficient energy to excite electrons across the material's bandgap will produce significant photocurrents.
Materials that are commonly used for producing photodiodes include Silicon (Si), Germanium (Ge), and Indium Gallium Arsenide (InGaAs), depending on the application requirements. Each material has a different spectral response that measures in amperes/watt of incident light versus optical wavelength. APD photodiodes are sometimes used for very high speed systems that are biased at a high voltage to create gain in the photodiode. These devices are more expensive and complicated to use but offer significant performance.
A long transmission wavelength or very high speed short distance link usually require operation in the 1300nm-1550nm. Ge and InGaAs photodiodes detect radiation from approximately 800 to 1700nm, making them suitable for detecting longer wavelengths. Silicon which is sensitive from 300 to 1300nm, is the preferred material for detecting shorter wavelengths.
III. RESULTS AND DISCUSSION
The Optical Interconnect (OI) system has been developed and simulated using OptiSPICE tool. The performances of external (indirect) modulation have been investigated in 1550nm wavelength with 10 Gbps rates. Besides, the transmitter spectrum profile and line width were measured at 3dB, 10dB and 20dB level. The output power for each component was recorded to plot the power degradation in the OI link. The receiver sensitivities for two different type of photodetector, PIN photodiode and APD photodiode using Ge and InGaAs materials were compared between theoretical calculation and simulation experiment.
A. Transmitter Spectrum Profile and Line Width
The purpose of the simulation is to evaluate the performance of the transmitter laser and MZ modulator in three different levels, which are 3dB, 10dB and 20dB levels. Laser line width is the spectral line width of a laser beam. Fig.  3 shows the CW Source spectrum output while Fig. 4 shows the MZ modulator spectrum output from simulation. Comparing the line width between CW source and MZ modulator in external modulation, it can be seen that modulated signal from MZ modulator has wider line width for 3dB level, 10dB level and 20dB level. 
B. Power Degradation of Optical Interconnect(OI)Link

C. Receiver Sensitivity of Photodiode
At 1550nm wavelength, two materials can be used for a photodiode such as Ge or InGaAs. Fig. 6 shows the theoretical calculation of receiver sensitivity between PIN and APD photodetector for Ge and InGaAs at a bit rate of 0.01Gbps, 0.1Gbps, 1Gbps and 10Gbps. The photodiode sensitivity can be calculated from (3) [18] : (3) where M is the gain of the photodiode, F(M) is the photodiode noise figure and B is the bit rate. The sensitivity curves will change for different values of these parameters. For 10Gbps data rates, a PIN photodiode produces -21.708 dBm output power, while APD(Ge) photodiode produces -26.58dBm and APD(InGaAs) photodiode produces -30.57dBm output power. Fig. 7 shows the simulation results of receiver sensitivity for optical interconnect link for PIN and APD photodiode using Ge and InGaAs materials. At 10Gbps, PIN(Ge) photodiode produces -19.464dBm, PIN(InGaAs) photodiode produces -13.997dBm, APD(Ge) photodiode produces -6.964 dBm and APD(InGaAs) photodiode produces -7.456dBm. The results show that APD photodiodes have better sensitivity around 5~10dB higher compared to PIN photodiodes. The APD(Ge) is recommended for environment applications or for applications where cost is a basic consideration. The drawback of APD photodiode includes it requires a much higher operating voltage, produce a much higher level of noise and APD is normally applied for long haul communication link.
PIN photodiodes is more suitable for high speed short distance communication links such OI links, since PIN operates at a standard power supply (5-15V) and is lower in cost compared to APD photodiodes.
IV. CONCLUSION
The performance of external (indirect) modulation of Optical Interconnect (OI) link for circuit level interconnect at 1550nm wavelength have been successfully developed and analyzed. The spectral bandwidth, output power and receiver sensitivity have been simulated and these parameters can be used to calculate and evaluate the performance of different kinds of OI systems.
The spectral bandwidth of the modulated signal is wider than the CW source. The receiver sensitivity of APD and PIN for 10 Gbps are still in the range of the receiver sensitivity. For very high speed and short distance links such as OI, InGaAs-based devices shows excellent sensitivity but at the expense of higher cost compared to Ge-based devices.
